1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

> " NIH Public Access
@@‘ Author Manuscript

2 HEpst

NATIG,

O

Published in final edited form as:
Nat Rev Neurosci. 2006 April ; 7(4): 278-294. doi:10.1038/nrn1886.

Aging and Neuronal Vulnerability

Mark P. Mattson12 and Tim Magnus?

1Laboratory of Neurosciences, National Institute on Aging Intramural Research Program,
Baltimore, MD

2Department of Neuroscience and Johns Hopkins University School of Medicine, Baltimore, MD

Abstract

Everyone ages, but only some will acquire a neurodegenerative disorder in the process. Disease
might occur when cellsfail to respond adaptively to age-related increases in oxidative, metabolic
and ionic stress resulting in excessive accumulation of damaged proteins, DNA and membranes.
Determinants of neuronal vulnerability might include cell size and location, metabolism of
disease-specific proteins, and repertoire of signal transduction pathways and stress resistance
mechanisms. Emerging evidence on protein interaction networks that monitor and respond to the
normal aging process suggests that successful neural aging is possible for most, but also cautions
that cures for neurodegenerative disorders are unlikely in the near future.

Occasional problems with short-term memory, shakiness and muscle weakness — are these
just unavoidable changes that occur during normal aging, or are they prodromal to afatal
neurodegenerative disorder? Cellsin al regions of the nervous system are affected by aging
asindicated by the decline of sensory, motor and cognitive functions with timel. However,
there is considerable variability among individuals in the apparent rate of aging, the neural
systems most affected, and if and how age-related deficits are compensated. Thereisa
dramatic increase in the probability of developing a neurodegenerative disorder during the
sixth, seventh and eighth decades of life. A person who lives to the age of 85 yearsisas
likely as not to suffer from Alzheimer's disease (AD; www.alz.org); Parkinson's disease
(PD) is most common in those above the age of 70 (www.parkinson.org); and the
probability of developing amyotrophic lateral sclerosis (ALS) rises sharply above the age of
40 (www.alsa.org)?8. Thereis growing evidence that aging has an important rolein the
occurrence of such diseases, and the relationship between ageing and neurodegenerative
disordersisthe focus of thisarticle. It is conceivable that the initiation of nerve cell deathis
programmed to occur after a given period of time independently of the cell modifications
caused by aging. However, apurely genetically programmed fate of neurons seems unlikely
given that |ate onset neurodegenerative disorders are sporadic within families and that some
individuals live for a century or more with little or no evidence of neuronal degeneration.

Why is the hippocampus primarily affected in AD, the substantianigrain PD, the striatum in
HD and the spinal cord and primary motor cortex in ALS (Fig. 1)? Why isit that, although
certain neuronal populations of neurons are affected early and most severely, neuronal death
also occurs in other brain regions as the disease progresses? Despite recent advancesin
understanding the molecular genetics and pathophysiology of neurodegenerative disorders,
the problem of selective neuronal vulnerability (SNV) has proven difficult to solve.
However, recent progress has begun to show how cellular and molecular changes that occur
during normal aging render neurons vulnerable to degeneration, and how disease-specific
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genetic and environmental factors determine which neurons succumb. Rare cases of AD, PD
and AL S are caused by mutations in specific genes and have an early age of disease onset
(30s, 40s and 50s), up to 40 years earlier than the more common sporadic forms of these
diseases!"6. The clinical presentation and histopathological findings are essentially
indistinguishable in familial and sporadic forms of the diseases, suggesting that the genetic
mutations accel erate the same molecular and cellular cascades that occur in late-onset
disease. Thus, mutationsin presenilin-1 and the amyloid precursor protein (APP) that cause
early-onset AD enhance production of neurotoxic forms of the amyloid B-peptide (AB)2,
mutationsin a-synuclein, Parkin and DJ-1 that cause PD result in impaired proteasome-
mediated proteolysis* and mutations in copper/zinc-superoxide dismutase (Cu/Zn-SOD) that
cause early-onset AL S exacerbate oxidative stressin motor neuronsS.

Here we describe cellular and molecular changes that occur during normal aging, and how
those changes might interact with genes and the environment to determine whether neurons
age successfully or degenerate.

Aging: setting the stage for a neurocatastrophe

Cdlsin the nervous system are affected by, and respond to, aging much as do cellsin other
organ systems. Thus, cellsin the brain experience increased amounts of oxidative stress’- 8,
perturbed energy homeostasis®, accumulation of damaged proteins! 11 and lesions in their
nucleic acids? 13, These changes during normal aging are exacerbated in vulnerable
populations of neurons in neurodegenerative disorders. So, whether or not an individual
succumbs to a neurodegenerative disorder during aging is determined by genetic and
environmental factorsthat counteract or facilitate fundamental molecular and cellular
mechanisms of aging (Fig. 2). Molecular genetic studies support the existence of
evolutionarily conserved genes associated with successful neural aging!?, aswell as genes
that cause or increase the risk of a neurodegenerative disorder?-6. Among the genes that are
believed to play important roles in aging are those that encode proteinsinvolved in insulin
signaling’®>, DNA and protein methylation and acetylation!®, DNA repair!2 and lipid
metabolism?’.

Molecular alterations that are qualitatively similar to those that occur in the nervous system
during normal aging are amplified in vulnerable neuronal populations by disease-related
processes resulting in their dysfunction and death. Several of these processes are illustrated
in Box 1. For example, during normal aging there are progressive increases in the amounts
of oxidatively modified DNA bases, proteins and lipidsin the brain. Specific age-related
modifications of proteinsinclude carbonylation, nitration and covalent binding of the lipid
peroxidation product 4-hydroxynonenal 18, Such protein modifications are dramatically
increased in vulnerable neuronsin AD, PD, HD and ALS? 5 19. 20 Similarly, the
accumulations of Ap in AD, a-synuclein in dopaminergic neuronsin PD and Cu/Zn-
superoxide dismutase in motor neuronsin ALS occur to alesser extent during normal
aging!l 21, Such protein aggregates might arise, in part, as a consequence of impaired
proteasomal and/or autophagic removal of the (oxidatively) damaged proteinsl® 22,
Alterations in numerous neurotransmitter and neurotrophic factor signaling pathways occur
during normal aging, and many such changes are amplified in neurodegenerative disease.
Examplesinclude depletion of dopamine in substantia nigra neurons in normal aging and
PD23, and lower levels of brain-derived neurotrophic factor (BDNF) in aging, AD and
HDZ, 24_

If the processes of aging are central to all neurodegenerative disorders (Fig. 3), then it would

be expected that an intervention that slows this process will also guard against
neurodegenerative disorders. Studies of the effects of dietary energy restriction (DR), a
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manipulation that can retard aging processes in rodents, monkeys and humans, indicate that
this might be s02>28, |_ow calorie diets and intermittent fasting retard the physiological
manifestations of aging and extend the average and maximum lifespan of rodents by up to
40 percent2, and might also increase the lifespan of primates, including humans?’- 28.. Age-
related deficitsin cognitive and motor function, and increases in oxidative stress and DNA
damage, are lessened in animals maintained on DR compared to ad libitum diets?. In
addition, DR protects neurons against dysfunction and degeneration in animal models
relevant to AD30, PD31, HD32 and stroke33. Moreover, DR enhances BDNF production and
neurogenesis, processes that might, in part, counteract age-related dysfunction and
degeneration of neuronal circuits®.

One mechanism responsible for anti-aging effects of DR on the nervous system might be
decreased production of reactive oxygen species (ROS) in mitochondria as aresult of lower
amounts of glucose metabolism3. Less superoxide anion radical is produced, resulting in
lower levels of hydrogen peroxide, hydroxyl radical (formed by the interaction of hydrogen
peroxide with Fe2* or Cu*) and peroxynitrite (formed by the interaction of superoxide with
nitric oxide). Accordingly, cumulative damage to proteins, lipids and DNA is lessened3®.,
Because ROS are involved in the dysfunction and death of neurons in neurodegenerative
disorders, suppression of ROS production by DR might protect brain cells against age-
related diseases. A second major mechanism by which DR might promote neural cell
plasticity and survival is hormesis. Like vigorous exercise or cognitive stimulation, DR
seems to impose amild beneficial stress on neurons that “conditions’ them such that they
are more resistant to aging and disease3* 36: 37 At the molecular level the cellular stress
response involves upregul ation of the expression of neurotrophic factors, heat-shock
proteins, sirtuins and mitochondrial uncoupling proteins34 38. 39,

Selective neuronal vulnerability

Why do hippocampal and frontal lobe pyramidal neurons die in AD, whereas dentate gyrus
granule neurons and cortical interneurons are spared? Why do dopaminergic neuronsin the
substantia nigra, medium spiny neurons in the striatum and lower motor neuronsin the
spinal cord succumb in PD, HD and ALS, respectively? Once the most vulnerable neurons
are affected, what determines which neuronal populations degenerate later in the course of
the disease (upper motor neuronsin ALS and cortical neuronsin PD, for example)?
Unfortunately, in no case is the mechanism responsible for SNV in an age-related
neurodegenerative disorder known. Although many different genetic abnormalities have
been identified that can cause a neurodegenerative disorder (Fig. 2), in no caseisit known
why the mutant gene causes SNV. Nevertheless, arapidly growing literature provides many
clues as to the molecular and cellular factors that determine whether a particular neuron
succumbs to or resists an age-related disease. The physical and molecular characteristics of
neurons, their functional properties and their location within neural circuits are al likely to
influence their fate during aging™. Vulnerable neurons are typically large with myelinated
axons that extend relatively long distances, from one region of the nervous system to another
or from the CNSto peripheral targets. Thisistrue for the hippocampal and cortical
pyramidal neurons affected in AD, upper and lower motor neuronsin ALS and striatal
medium spiny neurons in HD2-6. The dopaminergic neurons in the substantia that succumb
to PD, though smaller than the af orementioned neurons, are also projection neurons with
relatively long axons*L. There are several reasons why large projection neurons might be
particularly vulnerable to aging including a high energy requirement, reliance on axonal
transport (anterograde and retrograde) for sustained function and trophic support, and alarge
cell surface area which increases exposure of the cells to toxic environmental conditions.
The cytoskeleton of large neurons might be particularly prone to dysfunction as suggested
by the aggregation and displacement of axona neurofilaments and the microtubul e-
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associated protein tau in motor neurons of AL S cases® and pyramidal neurons of AD

cases™2.

Degeneration is often limited to subpopulations of neurons with a particular neurotransmitter
phenotype. For example, ALS strikes cholinergic motor neurons, GABAergic striatal
neurons are most vulnerable in HD and dopaminergic neurons in PD. However, if one
considers the cumul ative neurodegenerative topography among disorders, it is clear that
aging endangers neurons of all the major neurotransmitter phenotypes (Table 1). Among the
different neurotransmitters, glutamate might play an active and essential role in neuronal
damage and death in all neurodegenerative disorders (see section on excitotoxicity below).
On the other hand, dopamine might itself contribute to the demise of the neurons that
produce it in PD by inducing oxidative stress in presynaptic terminals. The signaling
pathways of various neuropeptides, including corticotropin releasing hormone®,
vasopressin and oxytocin®, might also be disrupted, particularly in later stages of
neurodegenerative disorders.

Dysfunction and death of neurons adversely affects both the pre- and post-synaptic neurons
with which they communicate. Therefore, patterns of neuronal degeneration are often
domino-like. In the case of AD, neurons in the entorhinal cortex that provide input to the

hi ppocampus degenerate early in the course of the disease, followed by hippocampal
neurons and then cortical neurons that communicate with hippocampal neurons®™. Although
substantia nigra dopaminergic neurons have been the primary focus of PD research, they
might not be the first affected. Instead, neuronsin the dorsal motor nuclei of the medulla
oblongata, and raphe nucleus and locus coeruleus of the brainstem, succumb first#6,
Substantia nigra damage is followed by degeneration of neurons in the trans-entorhinal
region, motor and sensory cortex and prefrontal cortex. The degeneration of motor neurons
in ALS often follows a progression from lower to upper spinal cord, followed by loss of
upper motor neurons in the cerebral cortex, although there is considerable variability among
patients*’. It isincreasingly appreciated that synapses are the most vulnerable regions of
neurons (Fig. 3). Differences among synapses in their structure, metabolism and signaling
mechanisms might therefore be determinants of neuronal vulnerability. Finally, changes that
occur in the cellular milieu in which neurons reside, including phenotypes of astrocytes,
oligodendrocytes, microgliaand vascular cells, likely influence the fate of neurons during

aging.

Pathways to neuronal death

Apoptosis

The fact that mutations in specific genes can cause one neurodegenerative disorder, but not
others, is evidence for multiple mechanisms of neuronal death. However, the development
and analyses of animal and cell culture models of neurodegenerative disorders, based upon
the expression of disease-causing mutant human genes, suggest a convergence of disease-
specific upstream factors on well-known cell death cascades. The most widely studied type
of programmed cell death in the nervous system is apoptosis, a process regulated by specific
cysteine proteases called caspases (Fig. 4)*8. Many different triggers of neuronal apoptosis
have been documented including oxidative stress, overactivation of glutamate receptors,
trophic factor insufficiency, DNA damage and accumulation of damaged proteins?®-51, |n
this section we briefly review key subcellular molecular cascades in apoptosis and then
describe evidence supporting the involvement of such cascades in age-related neuronal
death.

Two major groups of proteinsin the Bcl-2 family play pivotal rolesin most types of
apoptosis: pro-apoptotic proteins such as Bax and Bad, and anti-apoptotic proteins such as
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Bcl-2 and Bcl-xL%2. These proteins control the fate of cells by interacting with membranes
of mitochondria and the endoplasmic reticulum. Bax and Bad increase mitochondrial
membrane permeability and release of apoptotic factors, while Bcl-2 and Bcl-xL stabilize
the membranes®®: 53, Proteases such as caspases and cal pains execute the death process by
degrading various structural proteins® 55, Both caspases and calpains have been implicated
in the death of neurons that occursin AD48: 56, pPD57. 58 HD9. 60 gnd AL S50, Mitochondrial
changes that occur in most instances of neuronal death include Ca2* uptake, formation of
permeability transition pores and release of cytochrome ¢ and apoptosis inducing factor
(AIF)5, The endoplasmic reticulum is also actively involved in many cases of neuronal
death by releasing Ca?* and factors that modulate the expression of pro- and anti-apoptotic
genes®2: 83, |nteractions of mitochondria and endoplasmic reticulum in apoptosis are being
established, including cytochrome c-mediated Ca2* release from the endoplasmic
reticulum®4,

Oxidative stress can trigger apoptosis by several different mechanisms. ROS produced in the
mitochondria promote Ca2* uptake and increased membrane permeability resulting in the
release of cytochrome ¢ and apoptosistl. Hydroxy! radicals can directly attack DNA bases,
and if the damage is extensive, a cell death pathway is activated which involves ATM
kinase, p53 and Bax translocation to the mitochondriab®. Membrane-associated oxidative
stress can trigger apoptosis by several mechanisms. For example, lipid peroxidation
generates the al dehyde 4-hydroxynonenal which can induce apoptosis by perturbing ion
homeostasis and inducing mitochondrial permeability transition; this mechanism might
mediate neuronal death resulting from neurotrophic factor deprivation, AD or ALS 20. 66,67,
Oxidative stress also activates sphingomyelinases resulting in the release of ceramides from
membrane sphingomyelin; ceramides can trigger apoptosis by activating kinases and by
interactions with mitochondrial membranes©8, Increased ceramide production has been
linked to neuronal death in AD, HIV dementia and ALS5%-71,

After the period of developmental cell death, when large numbers of brain cells undergo
apoptosis, the rate of apoptosisis relatively low during adult life’2. However, apoptosis
might accelerate during late life, and the involvement of apoptotic cascades in age-related
neuronal death is suggested by studies of normal aging, and of neurodegenerative disorders
in humans and animal models. The activities of the pro-apoptotic proteins caspase-3 and
PARP isincreased in brain cells during normal aging, but might be counteracted by the
upregulation of anti-apoptotic proteins such as XIAP and NGF; dietary energy restriction
can suppress the age-related increase in caspase-3 and PARP, while enhancing the
expression of anti-apoptotic proteins’3. Old neurons might die during aging and in
neurodegenerative disorders, and neurons arising from stem cells might also succumb. For
example, hippocampal neurogenesis is reduced during aging, apparently as the result of
reduced stem cell proliferation and increased apoptosis of newly generated neurons’ 7>,
Neurogenesis might be impaired in AD, possibly as aresult of increased death of newly
generated neurons’®, although evidence for a compensatory increase in neurogenesisin AD
has also been reported’’. Whether mature or young, neurons seem to become more
vulnerable to death with aging and the cell death cascades of aging are exacerbated in age-
related neurodegenerative disorders.

Excitotoxicity—Glutamate is the major excitatory neurotransmitter in the CNS, with most
neurons receiving synaptic inputs from glutamatergic neurons. Glutamate therefore plays
essential rolesin the synaptic transmission and plasticity underlying all behaviorsincluding
learning and memory, emotions, and sensory and motor activities. These actions of
glutamate are mediated by cell surface receptors that flux Na* and Ca2*, of which AMPA
and NMDA receptors are the most abundant. Excessive activation of glutamate receptors
can cause damage to dendrites, and even cell death, by excitotoxicity, which results from
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sustained Ca2* influx and ROS production’8. Molecular and cellular changes that occur
during aging are known to render neurons vulnerable to excitotoxicity. For example, by
impairing the function of ion-motive ATPases, and glutamate and glucose transporters,
oxidative and metabolic stress and impaired cellular energy metabolism render neurons
vulnerable to excitotoxicity. Disease-specific abnormalities might compound the adverse
effects of glutamate on neurons. Indeed, AB, dopamine, mutant huntingtin and mutant Cu/
Zn-SOD have each been shown to sensitize neurons to excitotoxic death. Additional studies
of mouse models of AD, PD, HD and AL S support arole for excitotoxicity in these
disorders?8. Characteristics of neurons that make them particularly prone to excitotoxicity
include high amounts of NMDA and AMPA receptors, and low levels of protective calcium-
binding proteins’®.

The discovery and study of environmental neurotoxins, and the involvement of an
excitotoxic mechanism in their cell death-inducing actions, has been a valuable contribution
to neurodegenerative disorder research (Box 2) Severa such toxins bind and activate
glutamate receptors directly. Kainic acid and domoic acid, which are potent agonists of the
kainic acid subtype of glutamate receptor, can induce epileptic seizures resulting in damage
to hippocampal pyramidal neurons and cognitive deficits reminiscent of AD®: 80, BMAA,
an excitotoxin that can kill spinal cord motor neurons, has been implicated in the
pathogenesis of some cases of ALSPL. Other disease-relevant neurotoxins render neurons
vulnerable to excitotoxicity by impairing mitochondrial function. For example, exposure of
humans, monkeys and/or rodents to MPTP or rotenone causes PD-like pathology and
symptoms, while exposure to 3-nitropropionic acid can cause HD-like damage to striatal
neuronst2-84, The MPTP metabolite MPP+ and rotenone are potent inhibitors of
mitochondrial complex I, while 3-nitropropionic acid inhibits succinate dehydrogenase.

The fact that such toxins are capable of causing AD-, PD-, HD- and ALS-like syndromesin
animals, together with the reports of exposures to high levels of these toxins in humans80-84,
suggests that they might act on mechanisms operative in these diseases, and that neurotoxins
might have arole in some cases of age-related neurodegeneration.

Calcium dysregulation—The concentration of Ca2* in the cytosol is tightly regul ated:
under resting conditions the Ca2* concentration is typically in the range of 75-200 nM, and
transiently increases to 1-10 uM in response to membrane depolarization and opening of
voltage-dependent Ca?* and NMDA receptor channels5®. In addition, Ca?* is released from
I P3- and ryanodine-sensitive stores in response to extracellular signals or increased cytosolic
Ca?* levels (Ca?*-induced Ca?* release). Mitochondria are also capable of sequestering
Ca?* and then releasing it into the cytosol. Ca2* is removed from the cytosol by the
activities of plasma membrane and endoplasmic reticulum Ca2* ATPases, and by
sequestration by Ca2*-binding proteins. Perturbations of neuronal Ca2* homeostasis have
been documented during normal aging including increased Ca?*-dependent
afterhyperpolarizations in hippocampal CA1 neurons, and alterations in the Ca2*-handling
properties of mitochondria and the endoplasmic reticulum®®. It is now well established that
sustained elevations of intracellular Ca2* levels can cause neuritic degeneration and cell
death by activating proteases and inducing ROS production. Studies of mutationsin the
genes that cause HD and familial cases of AD, PD and ALS, suggest that perturbed neuronal
Ca?* homeostasis is a consequence of those mutations that contribute to the degeneration of
neurons. For example, mutations in presenilin-1 and APP promote neuronal Ca2* overload
and cell death under conditions of oxidative and metabolic stress8’: 8, and mutationsin a.-
synuclein and huntingtin have been associated with perturbed Ca?* regulation in PD and
HD, respectively8®: 9. Spinal cord motor neurons might diein ALS as the result of
overactivation of glutamate receptors or autoimmune attack on voltage-dependent Ca2*
channels®1. 92,
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Alterationsin cellular Ca?* homeostasis might play arolein SNV during aging. In this
regard, studies of the hippocampus have been particularly informative. CA1 and CA3
pyramidal neurons are vulnerable in AD, severe epileptic seizures and ischemia, whereas
dentate granule neurons are relatively invulnerable. This differential neuronal vulnerability
might be explained, in part, by the fact that dentate granule neurons express very high levels
of the neuroprotective Ca2*-binding protein calbindin, whereas pyramidal neurons contain
little or no calbindin®: %4, Age-related reductions in calbindin expression have been
implicated in the SNV of basal forebrain cholinergic neurons® and entorhinal cortex layer I
neurons® in AD, dopaminergic neuronsin PD, and striatal neuronsin HD%7. Spinal cord
motor neurons with low levels of calbindin and parvalbumin are vulnerablein ALS, whereas
crania nerve motor neurons, which express high levels of these calcium-binding proteins,
are relatively resistant®®, Neurons expressing high levels of NMDA receptors (such as CA1
hippocampal neurons in AD%9) and/or Ca2*-permeable AMPA receptors (such as spinal cord
motor neurons in ALS)1% might be prone to age-related degeneration.

Mitochondrial perturbations—Decrements in mitochondrial function have often been
associated with aging in general, and aging of the nervous system in particularl®l, Positron
emission tomography imaging of radiolabeled glucose uptake in the brains of normal human
subjects, aged 20 to 67 years indicated widespread age-dependent reductions in glucose
utilization in most brain regions, with the exception of the cerebellum and occipital
cortex192, Similar analyses of AD, PD and HD patients reveal dramatic reductionsin
glucose utilization in the brain regions most severely affected, abnormalities that can be
detected prior to the onset of clinical disease!03-105, Measurements of the activities of
mitochondrial enzyme activitiesin brain tissue samples revealed significant decreases in the
activities of the pyruvate dehydrogenase complex, isocitrate dehydrogenase and the a-
ketoglutarate dehydrogenase complex in AD patients compared to control subjects!o6,
Mitochondrial complex | activity declinesin the brain during normal aging and much more
so0in PD197. HD patients lose weight progressively, despite maintaining a high caloric
intake, an abnormality that might result from impaired mitochondrial functionl%8, Deficitsin
mitochondrial function might also occur early in the course of ALS, perhapsfirst in the
axons and presynaptic terminals of the motor neurons®,

Studies of normal aging and animal models of neurodegenerative disorders have provided
further insight into the nature of perturbed neuronal energy metabolism that might
predispose to SNV. Analyses of mitochondriaisolated from different brain regions of
young, middle age and old rats revealed that mitochondria from cerebral cortex of old rats
exhibit enhanced ROS production and mitochondrial swelling in response to increasing Ca?*
loads compared to cortical mitochondria from younger ratst10. In contrast, the sensitivity of
cerebellar mitochondriato Ca2* was unaffected by aging. The ability of mitochondriato
respond appropriately to excitation might be impaired during aging as suggested by reduced
buffering of voltage-gated Ca2* influx in basal forebrain neurons from aged ratst11.
Moreover, aging increases the vulnerability of mitochondriato toxins such as 3-
nitropropionic acidl12, In addition to alterations in mitochondria, neurons also exhibit
impaired glucose uptake during normal aging13, further compromising their ability to
maintain ion homeostasis and other energy-dependent cellular processes. Many of the age-
related deficitsin energy metabolism might be a consequence of oxidative stress. As
evidence, neuronsin mice deficient in glutathione peroxidase are more vulnerable to being
killed by 3-nitropropionic acid and MPTP14, Similarly, mitochondrial manganese
superoxide dismutase protects neurons against oxidative damage!1®. Finally, caloric
restriction can preserve mitochondrial function during aging, apparently by reducing ROS
production38 and can protect neurons from being killed by mitochondrial toxinst16: 117,
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Severa abnormalities in mitochondrial function and energy homeostasis have been observed
in mice expressing mutant forms of APP and/or presenilin-1 that cause AD in humans. APP
mutant mice exhibit reduced cerebral glucose utilization and cerebral blood flow whichis
correlated with Ap accumulation18. AB has been shown to impair mitochondrial function,
and studies of APP mutant mice suggest a key role for an AB-binding acohol
dehydrogenase in this pathogenic action of AB119. Mitochondriain neurons of presenilin-1
mutant knockin mice exhibit increased sensitivity to toxins'2? and cellular Ca2* overload?!,
Huntingtin mutant mice also manifest alterations in mitochondrial function and energy
metabolism. For example, Panov et al.122 found that mitochondria from huntingtin mutant
mice maintain an abnormally low resting membrane potential and are hypersensitive to
Ca?*. Mutant huntingtin might also perturb energy metabolism indirectly by impairing the
transport of mitochondria along axons!23. ALS (Cu/Zn-SOD mutant) mice exhibit impaired
mitochondrial function in spinal cord neurons', and treatment of the mice with creatine
suppresses the neurodegenerative process and improves survival in ALS micel?4,
Administration of agents that enhance cellular energy metabolism (creatine, coenzyme Q10
and nicotinamide, for example) delays disease onset and progression in mouse models of
neurodegenerative disorders suggesting a key role for cellular energy deficitsin the disease
process!?>, Collectively, the available data suggest that the aging process is associated with
impaired mitochondrial function and energy metabolism in neurons, and that environmental
and genetic factors can exacerbate or protect against these adverse effects of aging.

Accumulation of damaged molecules

One of the most widely documented and obvious aterations that occur in neurons during
aging, isthe accumulation of damaged molecules within the cells. A conspicuous exampleis
lipofuscin, an autofluorescent material consisting of oxidatively damaged proteins and lipids
that may accumulate as a result of impaired mechanisms for their removal10: 126,127 |
addition, aging is associated with increased amounts of damaged DNA in neurons which
may result from impaired DNA repair systems!3. Mutations in DNA repair proteins can
cause premature aging syndromes with neurodegenerative phenotypes!?, consistent with a
role for impairment of these systemsin normal aging of the nervous system.

A major problem neurons encounter during aging that is strongly linked to
neurodegenerative disorders is the accumulation of damaged proteins which form insoluble
aggregates that accumulate within and/or outside of the cells (Box 1). Damaged proteins are
removed by enzymatic degradation by cytosolic proteases, lysosomes and the proteasome,
and there is evidence that alterationsin each of these three mechanisms occur in neurons
during aging128-130_ Proteasome activity decreases with advancing age in the cerebral
cortex, hippocampus and spinal cord, but not in the cerebellum or brainstem, of ratst32,
Analyses of brain tissue samples suggest a much more severe malfunction of the
proteasomal system in AD132 and PD133, Several of the adverse consequences of aging on
neuronal function and survival can be mimicked by pharmacological inhibition of
proteasomes3# or lysosomes!3>, In addition, increasing evidence suggests an important role
for impaired autophagy in neuronal dysfunction and death in aging and age-related
diseasel36. Autophagy isimpaired during normal aging and can be restored by DR,
consistent with a possible role for impaired removal of damaged organellesin

neuropathol ogies of agingl3’.

Four major neuronal proteins that are prone to aggregation and contribute to neuronal
dysfunction and death in neurodegenerative disorders are Ap, tau, a.-synuclein and
huntingtin. Variations in the amino acid sequence of A have amajor impact on its self-
aggregating properties; for example, sequence differences among species are associated with
either the presence (humans and dogs, for example) or absence (rats and mice, for example)
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of AP depositsin the brains of old animals of those species, and with the propensity of the
peptides to self aggregate38. In addition, subtle variations in peptide structure influence the
ability of Ap to recruit soluble Ap into fibrillar aggregates!3%. Ap can be degraded by
several enzymes including neprilysin, insulin-degrading enzyme and the proteasome!30 140,
Impairments of one or more of these protein degradation systems by age-related increasesin
oxidative stress and protein damage might contribute to the formation of intracellular and
extracellular Ap aggregatesin aging and AD. Oxidative processes involving hydrogen
peroxide, Fe2* and Cu* might promote the aggregation of Ap and toxic effects on neurons?.

Tau forms fibrillar aggregates within neurons (neurofibrillary tangles) during normal aging
and more so in AD, frontotemporal lobe dementia and related neurodegenerative
disorders#L. Different isoforms of tau are produced by neurons and studies of mutations that
cause tangle disorders, such as fronto-temporal 1obe dementia with Parkinsonism linked to
chromosome 17 (FTDP-17), suggest a critical role for the ratio of three-repeat isoformsto
four-repeat isoforms in the aggregation of tau to form neurofibrillary tangles4L. Age-related
alterations in tau kinases and phosphatases might result in the accumulation of aggregation-
prone hyperphosphorylated forms of taul#2. In addition, oxidative stress and impaired
protein clearance mechanisms likely contribute to the accumulation of taul42 143, Tay
normally plays akey rolein neuronal plasticity and axonal transport by regulating the
polymerization of microtubules. Hyperphosphorylation and aggregation of tau therefore
disrupts microtubule functions which might play a major role in the death of neuronsin
tauopathies and, to alesser extent, in neuronal degeneration associated with normal aging.

Cytoplasmic and intranuclear inclusions containing a.-synuclein are a prominent feature of
PD and might also occur in normal aging. The identification of genetic aberrancies
responsible for early-onset inherited forms of PD, and elucidation of their metabolism and
normal functions, has resulted in strong evidence for impaired proteolytic clearance of a-
synuclein as afundamental abnormality that occurs in dopaminergic neurons in PD3.144,
Mutationsin a-synuclein, parkin (a ubiquitin E3 ligase) and ubiquitin C-terminal
hydrolase-1 result in reduced degradation of a-synuclein. Moreover, atriplication of the a-
synuclein geneis sufficient to cause PD, further supporting an impaired ability of
dopaminergic neurons to degrade a.-synuclein during aging'#®. Although the mechanism(s)
by which impaired clearance of a-synuclein promotes neuronal degeneration is unknown,
emerging evidence suggests the involvement of perturbed dopamine storage and release
from presynaptic terminal s146.

Polyglutamine expansionsin the huntingtin protein cause HD, and those pathogenic proteins
self-aggregate and are neurotoxicl4?. Although HD has a genetic cause, those affected
typically develop symptoms after the age of fifty, suggesting that changes that occur during
aging might facilitate the aggregation and neurotoxicity of mutant huntingtin. Indeed, two
age-related processes, oxidative stress and perturbations in protein chaperones can promote
aggregation and cytotoxicity of mutant huntingtin48: 149 Moreover, when huntingtin
mutant mice are maintained on DR the formation of intraneuronal huntingtin inclusions and
the degeneration of striatal and cortical neuronsis retarded, and lifespan is extended®2. DR
is known to reduce oxidative stress and increase the production of protein chaperones,
suggesting mechanisms by which DR might counteract pathogenic processesin HD. Protein
chaperones such as heat-shock protein 70 (HSP70) and glucose-regul ated protein-78
(GRP78) can protect neurons against death in cell culture and animal models of
neurodegenerative disorders!>0. Abnormalitiesin protein chaperone mechanisms have been
documented in studies of several neurodegenerative disordersin addition to HD, AD, PD
and ALS!51-153 | the case of ALS, an impaired ability of motor neurons to upregulate
HSP-70 in response to stress might play arole in their selective vulnerability154.
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Neurotrophic factors

Cells of the nervous system, as well as peripheral targets such as muscle cells, produce
neurotrophic factors that promote neuronal survival, neurite outgrowth and synaptic
plasticity. Here we focus on neurotrophic factor signaling pathways that might play rolesin
determining whether neurons resist or succumb to a neurodegenerative disorder. Neuronal
populations vulnerable to age-related disease are believed to be protected by one or more
neurotrophic factors. For example: hippocampal pyramidal neurons (AD) respond to BDNF,
nerve growth factor (NGF), insulin-like growth factors (IGF) 1 and 2 and basic fibroblast
growth factor (bFGF); basal forebrain cholinergic neurons (AD) respond to NGF and bFGF;
substantia nigra dopaminergic neurons (PD) respond to glial cell line derived neurotrophic
factor (GDNF) and BDNF; striatal medium spiny neurons (HD) respond to BDNF and NGF;
and motor neurons (AL S) respond IGF-1 and BDNF25-160_ Declining production of a
neurotrophic factor(s) or impaired signal transduction during aging could play arolein
SNV. Age-related decreases in the expression of BDNF in the hippocampus have been
reported’®1 and might contribute to age-related cognitive impairment92, The responsiveness
of BDNF signaling to environmental stimuli might be compromised during aging. For
example, the abilities of cognitive challenges®3, exercisel®4 and brain injury1° to
upregulate BDNF signaling are impaired in aged rats. Although levels of receptors for IGF-1
or IGF-2 were not different in aged memory-impaired rats compared to unimpaired ratst6®,
the ability of IGF-1 to stimulate protein synthesisin the cerebral cortex is diminished6” and
deafferentation-induced | GF-1 expression is attenuated68 in old rats. Moreover, infusion of
IGF-1 into the brain can restore cognitive function in old ratst%. Age-related decrementsin
motor function were improved, and stimulus-evoked dopamine rel ease was increased, by
GDNF infusion in aged monkeys!/0. Considerable evidence suggests arole for deficitsin
NGF signaling in age-related atrophy of basal forebrain cholinergic neurons and, indeed,
age-dependent cognitive deficits in rats can be reversed by transplantation of NGF-secreting
fibroblasts'’2. In addition to direct actions on neurons themselves, neurotrophic factors
might affect other cell types including gliaand vascular cellst?2,

Data from patients and animal models suggest roles for compromised neurotrophic factor
signaling in age-related neurodegeneration. BDNF signaling might be compromised early in
the course of AD73, while the role of impaired NGF signaling in AD appears more
complex174. Studies of HD patients and huntingtin mutant mice have revealed reduced
levels of BDNF in the striatum and cortex®, and some manipulations that suppress the
disease process in HD mice (DR and paroxetine) also increase BDNF expression??: 172,

M echanisms by which neurotrophic factors might prevent age- and disease-related neuronal
degeneration have been reviewed in detail previously and include suppression of oxidative
and metabolic stress, excitotoxicity and calcium overload, and protein and DNA damage’®.
The neuroprotective signal transduction pathways for neurotrophic factors often involve
receptor tyrosine kinases, phosphatidylinositol-3-kinase, Akt kinase, mitogen-activated
protein kinases, and transcription factors such as CREB (cyclic AMP response element
binding protein) and NF-xB78. Examples of neuroprotective genes upregulated by the latter
signaling pathways include Bcl-2, inhibitor of apoptosis proteins (IAP), Mn-SOD and
calbindin’®,

Cytoskeletal disruption

The complex morphologies of neurons, with long axons and elaborate dendritic arbors, are
maintained and modified by the cytoskeleton (microtubules, microfilaments and
intermediate filaments) and associated proteins (microtubul e-associated proteins and actin-
binding proteins, for example)17’: 178 The shafts of axons and dendrites contain large
numbers of microtubules, whereas the more dynamic growth cones and synaptic terminals
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are actin-rich; neurofilaments are concentrated in axons. The cytoskeletal organization is
disrupted in neurons that degenerate during aging and in neurodegenerative disorders. In
particular, microtubules depolymerize and the microtubule-associated protein tau, which is
normally present only in axons, accumulates in the cell body17®. Axonal neurofilament
pathology is prominent in motor neuronsin ALS, but also occursin hippocampal neuronsin
AD and dopaminergic neuronsin PD178, Hyperphosphorylation of tau on specific amino
acid residues occursin vulnerable neuronsin AD as the result of alterationsin tau kinases
and phosphatases; data suggest that such alterations decrease the affinity of tau for
microtubules and promote its self-aggregation!’®. Events upstream of cytoskeletal
abnormalitiesin aging and disease might include oxidative stress and perturbed calcium
homeostasis'8 181 |n AD, A abnormalities are believed to cause the tau pathology. Many
of the cytoskeletal abnormalities present in human neurodegenerative disorders are al'so
manifest in animal models. For example, hippocampal and cortical heurons exhibit
neurofibrillary tangle-like tau pathology in a mouse model of AD12, impaired axonal
transport of BDNF in cortical neurons from huntingtin mutant knockin mice!83 and motor
neurons suffer severe neurofilament pathology in Cu/Zn-SOD mutant micel84,

Although cytoskeletal abnormalities are prominent in vulnerable neuronal populationsin a
range of neurodegenerative disorders, until recently it was unclear whether the aterations
were pivotal in the cell death process. The identification of tau mutations as the causal
genetic factor in subjects with the inherited disorder FTDP-17 firmly established the
sufficiency of tau pathology for SNV185, Transgenic mice engineered to mimic the
FTDP-17 defect exhibit age-dependent filamentous tau pathology in cortical, brainstem and
spinal cord neurons!®, Why pyramidal neuronsin the frontal cortex are particularly
vulnerable in FTDP-17 is unknown, but could involve the ratios of different tau isoforms or
the mechanisms of tau degradation or aggregation in the vulnerable neurons!®’. However,
the determinants of SNV to cytoskeletal pathology during aging are likely to be the same as
those that determine whether a neuron lives or dies. For example, aberrant processing of
APP in AD resultsin the production of neurotoxic forms of Ap which induce oxidative
stress and Ca2* dysregulation in neurons resulting in microtubule depolymerization and tau
pathology (Box 1). Axonal microtubule and neurofilament pathologies in motor neuronsin
ALS might also be secondary to oxidative stress and neurotrophic insufficiency.

Inflammation

There is considerable evidence for both local and humoral inflammatory and immune
responses in aging and neurodegenerative disorders. This has been perhaps best studied in
regards to AD where activated microglia and astrocytes are associated with Ap plaques and
neurofibrillary pathology188. Pro-inflanmatory cytokines are produced by the activated glial
cells and might contribute to the neurodegenerative process!®9. In addition, complement
factors that can damage cells are localized to Ap plaques'®. Epidemiological findings, and
studies of the effects of anti-inflammatory agentsin cell culture and anima models of AD
suggest arole for inflammatory processesin neuronal degeneration and disease
progression188, Humoral immune responses to the neuronal and glial pathologiesin the
brain appear to occur in AD asindicated by increased levels of leukocyte adhesion
molecules and the presence of cells that express lymphocyte markers in association with
amyloid pathology19% 191, |nterestingly, antibodies against AR have been detected in
association with AP deposits and circulating in the blood of AD patients; such antibodies
might either function adaptively, removing Ap from the brain or they might contribute to the
neurodegenerative process'92-194, Other neurodegenerative disorders also manifest
inflammatory processes in association with the pathology including PD19 and ALS1%, In
addition, it has been proposed that autoantibodies directed against motor neuron antigens
play arolein the pathogenesis of ALS97. Altogether, the available data suggest the
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possibility that immune-based processes can be targeted for therapeutic intervention to
promote healthy brain aging and treat neurodegenerative disease.

Therapeutic implications

There are currently no treatments available for those suffering from a neurodegenerative
disorder that will halt the disease process. However, afew treatments have been shown to
slow the course of the disease including riluzolein ALS patients'®® and possibly memantine
in AD patients!®®. Recent advancesin early diagnosis and preclinical studies suggest that
effective treatments that slow the disease course in different neurodegenerative disorders
will be found. Based upon their site of action in the aging process and/or neurodegenerative
cascade (Fig. 2), treatments might be either disorder-specific or might be useful for more
than one disorder (Table 2). For example, y- and B-secretase inhibitors selectively target a
mechanism (APP processing) that is abnormal in AD, but might not be operative in other
disorders (PD, HD or ALS). On the other hand, antioxidants and anti-inflammatory agents
target a pathogenic process common to all neurodegenerative disorders. Because extensive
neuronal degeneration and death occurs prior to diagnosis, treatments that can restore
function are unlikely. Instead, there is a great potential for preventing, or at least delaying,
disease onset in those at risk due to genetic and/or environmental factors. Indeed, everyone
isat ahigh risk for AD and PD as they enter their 7th and 8t decades of life.

Evidence is emerging that age-related neurona dysfunction can be delayed — that the risk
of neurodegenerative disorders can be modified by diet and lifestyle (Fig. 5). For example,
DR extends brain longevity and suppresses the disease processin anima models of AD, PD,
HD and stroke30-33.: 200, Exercise and cognitive stimulation slow the pathogenic cascades in
AD mice?%1, However, athough studies with animal models have been promising, the extent
to which such approaches will counteract ageing and neurodegenerative disease in humans
remainst to be determined. Dietary and pharmacol ogical manipulations of lipid metabolism
have proven effectivein preclinical studies of AD, findings supported by epidemiological
data?%2 203 Other approaches include glutamate receptor modulating agents for AD2%4, anti-
apoptotic agents for PD and HD205: 206 ggents that enhance energy metabolism for HD297,
and neurotrophic factor therapies for PD, HD and AL S298-210_ pgrticularly exciting are the
possihilities that pathogenic proteins such as A, tau and polyglutamine repeat proteins such
as huntingtin can be targeted by active or passive immunization?!! or by RNA interference
technology212,

Conclusions and perspectives

A major goal of aging research isto extend “healthspan” by identifying approaches for
delaying or preventing age-related diseases. The fact that many individuals maintain awell-
functioning nervous system and continue productive lives through their seventies, eighties
and even ninetiesis encouraging. Theimplication isthat, if the cellular and molecular
mechanisms that determine whether nervous systems adapt positively or develop adisease
during aging can be identified, then disease processes can be averted. In this regard,
oxidative and metabolic stress, and impaired cellular stress adaptation are mechanisms of
aging that render neurons vulnerabl e to degeneration. On this background of age-related
endangerment, genetic and environmental factors determine whether or not a disease process
develops. These include causal mutations, more subtle genetic risk factors, and
environmental factors including aspects of diet and lifestyle. Because of the cellular and
molecular complexity of the nervous system, and the signaling mechanisms that influence
neuronal plasticity and survival, the basis of SNV remains elusive. Nevertheless, the
proposed mechanisms of age-related neuronal vulnerability described above are apparently
operative in multiple neurodegenerative disorders. Disorder-specific differencesin the
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phenotypes of neurons determine which neurons succumb. For example, in AD the amounts
and location of APP within neurons, levels of a- and B-secretase activities, and factors that
affect APP processing (oxidative stress, lipid metabolism and calcium dynamics) might
determine SNV.

Currently, most efforts to prevent and treat neurodegenerative disorders focus on diet and
lifestyle modification and drugs that target disease processes. Although the evidence in
humansis still limited, the emerging evidence that DR, exercise and cognitive stimulation
can bolster neuroprotective mechanisms suggests that diet and lifestyle changes could
reduce the risk of neurodegenerative disorders?13-221. An understanding of the mechanisms
of action of such environmental risk-reduction factors has led to efforts to develop dietary
supplements and drugs that mimic their action. Together with advances in the devel opment
of drugsthat target specific molecular events in neurodegenerative cascades, it seems likely
that extension of neural healthspan is possible for most individuals.

Box 1

Mechanisms of abnormal protein accumulation in neurodegenerative
disorders

Differences among neuronal populations in the production and/or clearance of abnormal
proteins might be determinants of age-related neuronal vulnerability in AD, PD and HD.
The pathogenic proteins are Ap and tau in AD, a.-synuclein in PD and huntingtin in HD.
Genetic and age-related factors that can increase the amounts of pathogenic proteins
(upstream events) include: Ap42 in AD - mutationsin APP or presenilins (y-secretase),
reactive oxygen species (ROS) and reductions in Ap-degrading enzymes (ABDE) such as
neprilysin and insulin-degrading enzyme. Tau in AD — ROS, phosphorylation and
calcium. a-synuclein in PD — mutations in a-synuclein, parkin, DJ-1, UCH-L1, PINK1
or LRKK-2, ROS and proteasome impairment. HD — polyglutamine expansions in
huntingtin (Htt), ROS and DNA damage and repair. The protein aggregation process
itself is enhanced by increasing protein concentration, posttransational alterations such
as oxidative modifications (induced by hydrogen peroxide, iron and copper, for example)
and phosphorylation, the actions of calcium and transglutaminases and/or protein
chaperone insufficiency. Although the proteins involved may differ, there is considerable
overlap in mechanisms by which they damage and kill neurons. Oligomers of AB, a-
synuclein and Htt might damage and kill neurons by inducing membrane-associated
oxidative stress (MAQS), impairing mitochondrial function and disrupting calcium
homeostasis. See references 2-11.
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Box 2

The human experience: environmental neurotoxins and age-related

neurodegenerative disorders

An incident where several drug usersin Californiarapidly devel oped a PD-like syndrome
led to the discovery of the dopaminergic neurotoxin MPTP82. In 1987 more than 100
individuals who had recently eaten shellfish at restaurants in Canada became ill with 25%
of them suffering short term memory loss clinically similar to AD. Subseguent
investigations established that the shellfish contained unusually high amounts of domoic
acid, aneurotoxin excitotoxin produced by the algal food source of the shellfish?20,
Studies of several children in Chinawho rapidly developed symptoms similar to those of
HD led to the discovery of 3-nitropropionic acid (3-NP), a potent inhibitor of
mitochondrial complex 1184, An ALS-like syndrome was discovered in native populations
inislands of Guam and, based on epidemiological and genetic studies, appears to have
had an environmental cause. Evidence suggests that the cycad seed, a staple of the
natives diet, isasource of the putative toxin called BMAABSL, In rodents and monkeys
MPTP, domoic acid, 3-NP and BMAA can destroy the same populations of neurons that
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diein PD, AD, HD and ALS, respectively. Moreover, the vulnerability of neuronsto
excitotoxins and mitochondrial toxins described above increases with advancing age,
suggesting that they may act on neurodegenerative pathways similar to those involved in
age-related neurodegenerative disorders.

Neurotoxin-based models have provided important evidence supporting the involvement
of mitochondrial compromise and excitotoxicity in neurodegenerative disorders. This
information has led to the search for novel environmental toxins that may determine
whether or not individuals devel op a neurodegenerative disorder as they age. Several
such toxins have been identified, but their contributions to disease are not yet unclear.
For example, the widely used pesticide rotenone and the herbicide paraquat, which
epidemiological data suggest play arole in some cases of PD, are capable of inducing
PD-like pathology in rodents?22. It is likely that multiple genetic and environmental
factors determine whether or not exposures to a neurotoxin results in disease. Indeed,
when rats or mice are maintained on DR regimens, they exhibit increased resistance to
several different neurotoxins including kainic acid, MPTP and 3-NP16. 117 data
consistent with epidemiological findings suggesting that high calorie diets are associated
with an increased risk of PD and AD213-215,
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Glossary

Selective neuronal
vulner ability

Proteasome

Autophagy

Dietary energy restriction

Reactive oxygen species

Hormesis

Sirtuins

Mitochondrial uncoupling

proteins

Trans-entorhinal region

Caspases

Bcl-2 family

Calpains

Permeability transition
pores

The susceptibility of specific populations of neuronsthat is
limited to aregion or regions of the nervous system

A protein complex responsible for degrading intracellular
proteins that have been tagged for destruction by the
addition of ubiquitin

A process whereby damaged organelles are degraded
within membrane-bound organelles

A decrease in the amount of food consumed over time
(caloric restriction) and/or the frequency of meals
(intermittent fasting)

Highly reactive oxygen-based molecules with an unpaired
electron in their outer orbital that are capable of damaging
proteins, lipids and nucleic acids

A process in which exposure of acell or organismto a
sublethal level of stressincreases the resistance of that cell
or organism to a subsequent higher and otherwise lethal
level of the same or different stress

A family of histone deacetylases that play important roles
in cellular stress responses and energy metabolism

A family of proteins that reside in the mitochondrial inner
membrane that promote a proton leak across the
membrane, thereby decreasing oxidative phosphorylation
and reactive oxygen species production

An area of the brain, located between association cortices
and the hippocampus, which plays important roles in the
integration of information and learning and memory
processes

A family of intracellular cysteine endopeptidases that have
akey role in inflammation and mammalian apoptosis.
They cleave proteins at specific aspartate residues

A family of proteins that promote the survival of neurons
by stabilizing mitochondrial membranes and decreasing
oxidative stress

Cysteine proteases activated by calcium that cleave a
variety of substrates including cytoskeletal proteins

Pores in the mitochondrial membranes formed by proteins
in response to signals that trigger apoptosis
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Lipid peroxidation

Ceramides

lon-motive AT Pases

Afterhyperpolarization
Glutathione peroxidase
Mitochondrial manganese
superoxide dismutase

L ysosome
Frontotemporal dementia

Repeat isoform

Cytokines

Complement factors

L eukocyte adhesion
molecules
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An autocatalytic process in which free radicals attack
double bonds in membrane lipids resulting in structural
damage to membranes and to the liberation of toxic
aldehydes such as 4-hydroxynonenal

Membrane lipids that are incorporated into sphinomyelin
and are released in response to the activation of
sphingomyelinases

Energy-dependent ion pumpsin membranes that are
essential for the restoration and maintenance of the sodium
and calcium gradients

The membrane hyperpolarization that follows the
occurrence of an action potential

An antioxidant enzyme that converts hydrogen peroxide to
water

An antioxidant enzyme located within mitochondria that
converts superoxide anion radical to hydrogen peroxide

A membrane-bound organelle with alow pH containing
high concentrations of enzymes that degrade proteins

A neurodegenerative disorder resulting from the
degeneration of neuronsin the frontal 1obe

An isoform of the microtubule-associated protein tau
which contains either 3 or 4 microtubule-binding domains

A large class of intercellular signaling proteins that play
important roles in neural-immune interactions and
inflammatory processes

Proteins that function in innate immunity, often forming
pores in membranes that kill cells

Proteins located on the surface of vascular endothelial cells
that bind to leukocytes, thereby facilitating the passage of
the leukocytes across the blood-brain barrier
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Figure 1. Thewho, where and when of neuronal death in age-related neurodegener ative
disorders

a. Different neurodegenerative diseases such as ALS, Parkinson's disease (PD), Huntington's
disease (HD), and Alzheimer's disease (AD) affect different areas of the adult brain. Each
startsin specific regions and later affects other regions. Even within these early affected
regions a selective injury of neuron subclasses can be observed; for example the
dopaminergic neuronsin PD, the motor neuronsin ALS, or the cholinergic and glutmatergic
neuronsin AD. b. Ages of disease onset of early-onset inherited forms and late-onset
sporadic forms of neurodegenerative disorders. For further information visit: www.alz.org;
www.parkinson.org; www.alsa.org; www.hdfoundation.org.
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Figure 2. The nervous system may respond adaptively, or may succumb, to ageing

In aging and neurodegenerative diseases, neurona death may be triggered by specific
genetic mutations (for example mutations in huntingtin, presenilins, a-synuclein, and Cu/
Zn-SOD) and/or environmental factors such as toxins or dietary components. Initiating
factors promote cellular aterationsincluding increased oxyradical production, perturbed
energy and calcium homeostasis, and activation of apoptotic cascades. However, each factor
cooperates with age-related increases in oxidative stress, metabolic compromise, DNA
instability, and ion homeostasis dysregulation to disrupt neuronal integrity resulting in
synaptic dysfunction and cell death. In addition, changesin glial cell homeostasis occur and
contribute to inflammatory processes and white matter damage in neurodegenerative
disorders. AD, Alzheimer's disease; AL S, amyotrophic lateral sclerosis; Apo E2/3,
apolipoprotein isoforms 2 and 3; APP, amyloid precursor protein; DJ-1, HD, Huntington's
disease; PD, Parkinson's disease; PS1, 2, presenilins 1 and 2; SCA, spinocerebellar ataxia;
SCNA, ; SOD1, superoxide dismutase 1; UCHL 1, ubiquitin c-terminal hydrolase 1.
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Figure 3. The sensitive synapse

Age- and disease-related stressors promote the activation of biochemical cascades that result
in the ion dysregulation and energy depletion in synaptic terminals and neurites. One
exampleisthe stimulation of glutamate receptors which, under conditions of reduced energy
availability or increased oxidative stress leads to Ca2* influx into postsynaptic regions of
dendrites. Thisin turn can trigger apoptosis (see figure 4). In addition, among other
processes, ROS can induce lipid peroxidation resulting in the dysfunction of ion-motive
ATPases and glucose and glutamate transporters. This leads to further ion dysregulation,
energy depletion and excitotoxcity.
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Figure 4. Oncetriggered, the death of neuronsis programmed

Death signals activate intracel lular cascades involving increased levels of ROS and Ca2*,
production of Par-4 (prostate apoptosis response-4) and p53, and translocation of pro-
apoptotic Bcl-2 family members (Bax and Bad) to the mitochondrial membrane. These
events are followed by increased mitochondrial dysregulation and release of cytochrome ¢
into the cytosol. Cytochrome cforms a complex with apoptotic protease-activating factor 1
(Apaf-1) and caspase-9. Activated caspase-9 cleaves and activates caspase-3 which, inturn
cleaves protein substrates that effect changes in the plasma membrane, cytoskeleton and
nucleus. Certain caspases (caspase-8, for example) can also be directly activated through
death ligands and can act independently of mitochondrial changes. The process of apoptosis
can be inhibited at different stages through anti-apoptotic mechanisms such as |APs
(inhibitor of apoptosis proteins) or Bcl2 and Bcel-xl. In genera, cell fate is decided by a
balance between survival factors and potentially harmful or destructive factors. atPKC,
atypical protein kinase C; FADD, Fas-associated death domain protein.
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Figure 5. Counteracting aging by stimulating beneficial cellular stress responses
Exercise, dietary restriction (DR) and cognitive stimulation have all been shown to protect
neurons against dysfunction and death in animal models of neurodegenerative disorders.

This occurs, in part, by induction of amild stress response which induces the production of

neurotrophic factors such as BDNF and GDNF, aswell as protein chaperones such as
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HSP-70 and GRP-78. In addition, exercise and DR improve energy metabolism (increased

insulin sensitivity) and cardiovascular health (decreased blood pressure and enhanced

cardiovascular stress adaptation). This model is based largely on the results of studiesin
animals and, although such studies have been promising, it's not yet clear that exercise, DR
and cognitive stimulation can protect against neurodegeneration in humans
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Table 1

Phenotypes of neurons vulnerable to age-related neurodegenerative disorders.

Disorder Affected Regions Phenotypes

Alzheimer EC, H, FC, BF, P, 0, AM, LC*, RN * Projection neurons; multiple transmitters (glutamate, acetylcholine, norepinephrine,
serotonin); low CBPs

Parkinson N FC, LC* RN” Projection neurons; primarily dopaminergic neurons; low CBPs
Huntington g7 FC, LC* Projection neurons; GABAergic and glutamatergic;

ALS MC, SC Projection neurons; cholinergic and glutamatergic neurons; low CBPs.
Stroke most CNS regions Large neurons; low CBPs

*

these neuronal populations are typically affected late in the disease process. AM, amygdala; BF, basal forebrain; CBPs, calcium-binding proteins;
EC, entorhinal cortex; FC, frontal cortex; H, hippocampus; LC, locus coeruleus; MN, motor cortex; P, parietal; O, occipital; RN, raphe nucleus;
SC, spina cord; SN, substantianigra; ST, striatum.
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Examples of approaches for preventing and treating age-related neurodegeneration.

Table 2

Approach M echanism/Tar get Disorders

Dietary restriction decreased ROS, hormesis*, NTES AD, PD, HD
Exercise hormesis, NTFS AD, PD

Cognitive stimulation NTFS, hormesis AD, PD

Dietary phytochemicals antioxidants, hormesis AD, PD, HD, ALS
Dietary lipid modification  decreased ROS, membrane homeostasis AD, PD

Antioxidants
Anti-inflammatory agents
Anti-excitotoxic agents
Calcium-stabilizing agents
AP modulating agents
Energy modulation
Inhibitors of apoptosis
Neurotrophic factors
Immunotherapy

RNA interference

decreased ROS

decreased ROS and neurotoxic cytokines
decreased calcium influx and ROS

prevention of cellular calcium oveload

B- or y-secretase inhibitors, Ap degrading agents
increased cellular energy availability

caspases, Bcl-2 proteins, mito/ER membranes
neuronal survival and plasticity, neurogenesis
Active/passive immune attack on diseased protein

suppressed production of diseased protein

AD, PD, HD, ALS
AD, PD, HD, ALS
AD, PD

AD, PD, HD, ALS
AD

AD, PD, HD, ALS
AD, PD, HD, ALS
AD, PD, HD, ALS
AD, others?

HD, familial disease
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*
Hormesisis ageneral term used to describe a mechanism in which subjection of acell or organism to amild stress activates stress-response
pathways that increase the ability of the cell/organism to resist disease and death.
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